Abstract-The 2011 Off the Pacific Coast of Tohoku earthquake (Tohoku earthquake, M w 9.0) occurred on the Japan Trench and caused a devastating tsunami. Studies of this earthquake have revealed complex features of its rupture process. In particular, the shallow parts of the fault (near the trench) hosted large slip and long period seismic wave radiation, whereas the deep parts of the rupture (near the coast) hosted smaller slip and strong radiation of short period seismic waves. Understanding such depth-dependent feature of the rupture process of the Tohoku earthquake is necessary as it may occur during future mega-thrust earthquakes in this and other regions. In this study, we investigate the ''characterized source model'' of the Tohoku earthquake through dynamic rupture simulations. This source model divides the fault plane into several parts characterized by different size and frictional strength (main asperity, background area, etc.) and is widely used in Japan for the prediction of strong ground motion and tsunami through kinematic rupture simulations. Our characterized source model of the Tohoku earthquake comprises a large shallow asperity with moderate frictional strength, small deep asperities with high frictional strength, a background area with low frictional strength, and an area with dynamic weakening close to the trench (low dynamic friction coefficient as arising from, e.g., thermal pressurization). The results of our dynamic rupture simulation reproduce the main depth-dependent feature of the rupture process of the Tohoku earthquake. We also find that the width of the area close to the trench (equal to the distance from the trench to the shallow asperity, interpreted as the size of the accretionary prism) and the presence of dynamic weakening in this area have a significant influence on the final slip distribution. These results are useful to construct characterized source models for other subduction zones with different scale of the accretionary prism, such as the Chile subduction zone and the Nankai Trough. Dynamic rupture simulations based on the characterized source model might provide useful insights for hazard assessment associated with future megathrust earthquakes.
Introduction
Many studies of the 2011 Tohoku earthquake have shown that its rupture process was strikingly depth-dependent: the shallow parts of the fault, near the trench, produced large slip (*50 m) and long period seismic waves (e.g., Suzuki et al. 2011) whereas the deep part of the rupture, near the coast, generated smaller slip and strong radiation of short period seismic waves (e.g., Kurahashi and Irikura 2013) . Understanding such depth-dependent features of the Tohoku earthquake rupture process is important for the estimation of seismic and tsunami hazard caused by mega-thrust earthquakes even in other subduction zones. Indeed, other recent mega-thrust earthquakes, such as the 2010 Maule Chile earthquake (M w 8.8) and the 2004 Sumatra earthquake (M w 9.2), showed similar depth-dependent rupture properties (e.g., Lay et al. 2012) . Dynamic rupture modeling is an important tool to understand the mechanisms that generate these features (e.g., Huang et al. 2012 Huang et al. , 2014 Hirono et al. 2016) . For example, the 3D dynamic rupture model by Galvez et al. (2016) reproduced basic features observed in the seismic waveforms of the Tohoku earthquake.
Simplified source models are desirable to facilitate the construction of mega-thrust earthquake scenarios that can be used for hazard studies in many subduction zones. The ''characterized source model'' was introduced by Irikura and Miyake (2001) and is widely used in Japan as a kinematic source model for earthquake simulations to predict ground motions and tsunamis, because of its simplicity and easy applicability (e.g., Irikura and Miyake 2011) . This model divides the fault plane into several characteristic parts (main asperity, background area, etc.) based on the heterogeneity of the slip and stress drop distributions. A characterized source model comprising strong motion generation areas (SMGA) and background area (e.g., Irikura et al. 2004 ) is used for strong ground motion prediction, especially to model short period seismic waves. One such model has been proposed for the Tohoku earthquake by Kurahashi and Irikura (2013) . The characterized source model is also used for kinematic modeling of mega-thrust earthquakes, including large slip causing devastating tsunamis, by Japanese governmental organizations such as the Earthquake Research Committee (ERC) and the Cabinet Office. After the Tohoku earthquake, characterized source models for possible mega-thrust earthquakes in other Japanese regions, such as the Nankai Trough or Off-Boso (Southern Kanto earthquakes), were constructed to assist disaster prevention (e.g., Cabinet Office of Japan 2015). Thus, considering the characterized source model is very important.
In this study, we develop dynamic rupture models based on the characterized source model. Our goals are to examine the mechanisms of the complex rupture features of the Tohoku earthquake, and to investigate the applicability of dynamic simulation studies based on the characterized source model for the hazard estimation of future mega-thrust earthquakes. In Sect. 2.1, we construct a characterized source model of the Tohoku earthquake by integrating a large body of available information, including results from previous studies of the Tohoku earthquake (as reviewed in Tajima et al. 2013) , historical seismicity along the Japan Trench (e.g., Koper et al. 2011 ) and subsurface velocity structure (e.g., Ito et al. 2005; Miura et al. 2005) . In Sect. 2.2, we set the input parameters for dynamic rupture modeling on each area of the characterized source model. The results of our simulation, described in Sect. 3, reproduce the basic depth-dependent feature of the Tohoku earthquake. Our results provide useful insights on the development of future mega-thrust earthquake scenarios based on the characterized source model even for other subduction zones.
Model

Characterized Model of the Tohoku Earthquake
The Tohoku earthquake was a plate boundary mega-thrust earthquake which occurred on the Japan Trench, where the Pacific plate is subducting under the North American Plate. The rupture nucleated 100 km away from the trench axis and extended through a broad area of approximate dimensions of up to 500 km along strike and 200 km along dip (e.g., Suzuki et al. 2011) . A vast amount of data has been obtained from this earthquake, including seismic, geodetic and tsunami data. We use inferences derived from that data to construct the characterized source model of the Tohoku earthquake sketched in Fig. 1 . We also include the results from laboratory investigation of samples of fault materials that Kurahashi and Irikura (2013) did not consider.
Slip distribution models of the Tohoku earthquake have been inferred by many studies (as reviewed in Tajima et al. 2013) . In most of them the area of largest slip is shallower than the hypocenter (e.g., Suzuki et al. 2011 ). Fujiwara et al. (2011 reported that the slip close to the trench reached around 50 m based on bathymetry differences before and after the earthquake. The stress drop distributions were estimated based on the slip distributions (e.g., Bletery et al. 2014; Brown et al. 2016) .
While the locations of large slip, inferred from long-period and static observations, are located on the shallow part of the fault, the areas of strong shortperiod wave radiation are deeper. This depth-dependence of the frequency content of the source was recognized by back-projection analysis of 1 Hz teleseismic waves (e.g., Meng et al. 2011) . From modeling of short period seismic waves, Kurahashi and Irikura (2013) identified five SMGAs, located deeper than the hypocenter.
The SMGAs are spatially related to the historical seismicity. Koper et al. (2011) summarized the location of large slip with weak short-period radiation, smaller slip with strong short-period radiation and source areas of historical seismicity since the last century. The source regions of earthquakes with moment magnitude (M w ) between 7 and 8 occurring every couple of decades in the Miyagi-Oki and Fukushima-Oki areas coincide with the deep areas of strong short-period radiation and smaller slip of the 2011 Tohoku earthquake. No large earthquakes occurred since the last century around the area of very large slip and long-period radiation of the Tohoku earthquake. Based on analysis of GPS data, Hashimoto et al. (2012) reported that the areas with large slip deficit during the seismically calm period 1996-2000 correlate well with the large slip area during the Tohoku earthquake. This indicates that strongly coupled asperities exist also on the shallow part of the fault.
However, the weak short-period radiation in the shallow part of the fault during the Tohoku earthquake and the occurrence of tsunami earthquakes, such as the 1896 Meiji-Sanriku tsunami earthquakes, indicate that the strongly-coupled shallow asperity is relatively weak (low frictional strength), large and has a relatively low stress drop. In the deeper part of the fault, the regular occurrence of earthquakes with M w 7-8 and the strong shortperiod radiation during the Tohoku earthquake suggest that the deep asperities are small (around 30 km along strike and 40 km along dip, Kurahashi and Irikura 2013) , strong (high frictional strength) and have large strength drop (large fracture energy, Ide and Aochi 2013) . In this view, while strain at depth was regularly released by the occurrence of earthquakes with M w 7-8 on the deep asperities, strain accumulated in the shallow, locked asperity and was released at once during the 2011 Tohoku earthquake. The area close to the trench was usually thought to generate little slip (small stress drop) during earthquake ruptures because frictionally stable shallow fault materials and very soft material in the hanging wall hamper stress accumulation (e.g., Wang 2013). This might raise the question of whether the shallow asperity that produced very large slip during the Tohoku earthquake extends to the trench or not. Obana et al. (2013) compared the locations of aftershock hypocenters of the 2011 Tohoku earthquake to the P-wave velocity distribution above 35 km depth around the Miyagi-Oki area (Ito et al. 2005) , where the very large slip was produced during the Tohoku earthquake. The zone of the hanging wall from the trench to around 25 km from the trench has low P-wave velocity (B3.5 km/s) and hosts little seismicity after the Tohoku earthquake. In contrast, the area with relatively fast P-wave velocity (C5.5 km/s) beyond 30 km from the trench has numerous aftershocks. The hanging wall zone close to the trench corresponds to the accretionary prism. Based on these observations, Hasegawa (2015) hypothesized that the area close to the trench where the megathrust underlies the accretionary prism has weak plate coupling. Furthermore, laboratory investigations of samples of fault materials collected from the area close to the trench on the Japan Trench by the JFAST drilling [e.g., Ujiie et al. 2013; Fulton et al. 2013 ; Fig. 1(2) ] suggest the frictional strength of the plate boundary fault is very low and the fault zone materials are rich in clay (smectite). This composition promotes dynamic weakening by thermal pressurization during fault rupture around the area of the JFAST drilling [ Fig. 1(2) ].
Based on these observations, we consider in our model a shallow, strongly-coupled asperity located at 25 km from the trench and a shallower area between the trench and the shallow asperity with weak plate coupling and dynamic weakening. We refer to the latter as ''area close to the trench'' (Fig. 1) . We also include smaller ''deep asperities'' with high frictional strength and large strength drop (Fig. 1) .
Simulation Conditions
Based on the characterized source model of the Tohoku earthquake, we set the initial stresses and friction properties of each area shown in Fig. 1(1) . As fault constitutive relation, we assumed the linear slipweakening friction law (e.g., Ida 1972; Fig. 2 ). Here, we define the stress drop (Dr) as the difference between the initial shear stress and the dynamic frictional stress, and the strength drop as the difference between the yield stress and the dynamic frictional stress (Fig. 2) . This strength drop is related to the fracture energy. While little information about absolute initial stresses is available, the stress drop (e.g., Fig. 2) can be estimated by the analysis of seismic waves. The model parameter distributions are shown in Fig. 3 .
The stress drop in the shallow asperity increases from 4 to 8 MPa as a function of depth, inspired from the results of Bletery et al. (2014) , whose inferred stress drop values are relatively low compared to other studies. The strength excess (SE, defined as the difference between yield stress and initial shear stress) is determined by the assumption that the stress ratio (S = SE/Dr) equals 1 in the shallow asperity. The value of S is known to affect rupture speed (e.g., Dunham 2007; Kaneko and Lapusta 2010) . The sensitivity of our results to this model parameter requires further study because of its uncertainty, arising mainly from uncertainties on dynamic friction coefficient and fluid overpressure in the fault zone.
The deep asperities have been reported to have high strength drop (20-30 MPa: e.g., Kurahashi and Irikura 2013) . However, there is no significant slip in the deep asperities. Hence their stress drop should be small, even if their strength drop is high. Thus we set the strength drop to 25 MPa, the stress drop to 5 MPa, and the SE to 20 MPa, respectively. Consistent with experimental studies on plate boundary fault materials (e.g., Ujiie et al. 2013 ), we set a low dynamic friction coefficient (0.08) in the area close to the trench [ Fig. 1(2) ] to represent fault weakening. In the background area we set zero stress drop and a strength excess of 3.6 MPa based on trialand-error in order to obtain a reasonable final rupture area (in our simulations the rupture stops spontaneously before it reaches the boundaries of the fault model). To arrest the rupture at depth, a slipstrengthening area with negative stress drop values is assumed beyond 150 km away from the trench. Comparison to the afterslip area of the Tohoku earthquake (e.g., Iinuma et al. 2012 ) suggests that our assumed seismogenic depth is reasonable.
The normal stress is assumed to be constant below the top edge of the shallow asperity. This assumption is motivated qualitatively by the overpressure model of Rice (1993) , but the specific distribution of normal stress is chosen for simplicity given current uncertainties about the distribution of fluid pressure as a function of depth in the Tohoku mega-thrust. The distributions of initial shear stress and static friction coefficient are derived based on the slip-weakening relations (e.g., Fig. 2) .
The slip weakening distance Dc affects ground motions but is difficult to constrain. Some have proposed to set Dc proportional to the size of asperities (Ide and Aochi 2013) . Here we are mainly interested in the final slip distribution and assume a homogeneous Dc = 1.6 m. Finding reasonable Dc values to model the ground motions is left for future work.
We assume a planar fault surface and a homogenous medium (V S = 3.54 km/s, V P = 6.3 km/s, q = 2.7 g/cm 3 ) as a first step to gain a first-order understanding of the rupture process from basic dynamic modeling. We also set the nucleation zone at the bottom of the shallow asperity, roughly agreeing with the location of the hypocenter of the Tohoku earthquake [ Fig. 1(2) ]. Its size satisfies theoretical relations to promote spontaneous rupture (Galis et al. 2015) . The simulation method used here is the 3D spectral element method (e.g., Galvez et al. 2014 ) and we used CUBIT to generate an unstructured mesh.
Results
Our characterized source model for the Tohoku earthquake successfully reproduces the main features of the slip distribution inferred by observational studies. The seismic moment for this simulation is approximately 5.4 9 10 22 Nm (M w 9.1). The final slip distribution over the whole fault is shown in Fig. 4 (1). The distributions of slip and peak slip-rate along dip on a section through the middle of the rupture [A-A 0 shown in the Fig. 4(1) ] as a function of distance from trench is shown in Fig. 4 estimated by source inversion analysis (e.g., Bletery et al. 2014; Sun et al. 2016) and by differential bathymetry (e.g., Fujiwara et al. 2011) . The majority of the shallow slip results from the rupture of the shallow asperity.
To examine how the rupture propagates, we show the spatio-temporal distribution of slip-rate in Fig. 5 . The shape of the slip-rate functions is qualitatively consistent with the depth-dependent seismic radiation of the Tohoku earthquake: in the shallow part (especially above shallow asperity) they are very smooth and in the deep part (around the deep asperities) they are very impulsive. The rupture propagates at a speed of about 3 km/s inside the shallow asperity. It accelerates significantly at shallower depth due to the effect of reflected waves from the surface, which is especially strong when the fault dip is small (e.g., Huang et al. 2014) . This rupture acceleration is accompanied by large slip-rate values close to the trench and is in contrast with most results of source inversion of the Tohoku earthquake showing slow rupture velocity close to the trench. We leave more detailed modeling consistent with inferred rupture speeds at shallow depth for future work.
Our characterized source model for the Tohoku earthquake successfully reproduces its depth-dependent radiation. In the deep part, the slip-rate functions are very impulsive and rich in short period features, corresponding to the radiation of short-period seismic waves by the deep asperities. The distributions of peak slip-rate and slip as a function of distance from the trench [ Fig. 4(2) ] show that the deep asperities produced large peak slip-rates but no significant slip. This trend is also recognized by comparing the Fourier amplitude spectra of slip rate at different depths ( Fig. 6 ): in the deep asperity the amplitude at low frequencies (*0.01 Hz) is the smallest, but above 0.3 Hz it becomes the largest. Close to the surface, the peak slip-rates are large but the highfrequency amplitudes are small, because the shallow area has little stress drop.
Additional simulations illustrate the role of stress and frictional strength of the deep asperities. To produce smaller slip and large short period seismic waves in the deep part of the rupture, we originally set a large strength drop (25 MPa, Fig. 2 ) but small stress drop (5 MPa, Fig. 2 ) in the deep asperities. We ran an additional simulation with stress drop changed to 20 MPa, while preserving the original strength drop (25 MPa). The resulting slip profiles are shown in Fig. 7 . Slip around the deep asperity becomes very large ([40 m) and its spatial distribution becomes significantly peaked. Because this feature conflicts with the observed slip of the Tohoku earthquake, we consider that our original assumption of stress and frictional strength in deep asperities was reasonable.
Discussion
The dynamic rupture simulation results based on our characterized source model of the Tohoku earthquake agree with the main features of slip distribution observed in this event.
Here we discuss what aspects of the model are essential to achieve this agreement. Our characterized source model of the Tohoku earthquake comprises a large shallow asperity with moderate frictional strength, small deep asperities with high frictional strength, a background area with low frictional strength, and a near-trench area with dynamic weakening.
The areas of our model that control the large shallow slip are the shallow asperity and the area close to the trench. The role of the relative stress drop of these two areas on the final slip profile was also illustrated in 2D dynamic simulations by Huang et al. (2014) and can be understood from results of 2D static analysis by Hu and Wang (2008) . Following Hasegawa (2015), we hypothesized that the location of the area close to the trench coincides with the accretionary prism. The properties of these areas can be different in other subduction zones and this difference might contribute to the global variability of mega-thrust earthquakes. For example, the size of the accretionary prism differs across subduction zones (e.g., Bilek 2010), it is smaller in the Tohoku trench than in the Nankai Trough (e.g., Tsuru et al. 2002; Nakanishi et al. 2003) . Also Ujiie et al. (2013) and Hirono et al. (2016) found differences of slip-weakening properties between the Tohoku trench and the Nankai Trough based on laboratory experiments using materials collected by deep hole drilling projects (e.g., JFAST for the Japan Trench and NanTroSEIZE for the Nankai Trough). Therefore, we investigate how the slip distribution changes when the width of the area close to the trench related to the accretionary prism (the distance from the trench to the shallow asperity) is larger and no dynamic weakening occurs. To focus on the effects on shallow slip, we start from a reference simulation removing the deep asperities from our characterized source model of the Tohoku earthquake.
First, because the accretionary prism around the Miyagi-Oki area, where the large slip was generated during the Tohoku earthquake, is particularly narrow (Tsuru et al. 2002) , we considered an additional model with larger accretionary prism (longer area close to the trench), as can be found in other subduction zones. The resulting slip profile on a section through the middle of the rupture is shown as the blue line in Fig. 8 compared to the reference model (black). Dynamic weakening promotes slip but the stress drop in the shallow dynamic weakening area is smaller than in the shallow asperity right beneath it, which leads to smaller slip (around 10% smaller) close to the trench in the model with larger accretionary prism. Next, we ran an additional simulation in which the reference model was modified by assuming no dynamic weakening in the area close to the trench. The resulting slip profile is shown in Fig. 8 (green  line) . After the rupture passes through the shallow asperity, the differences become larger. Because of the low stress drop at shallow depth in the model without shallow dynamic weakening, the slip close to the trench is smaller (by about 15%) than when dynamic weakening is present.
Finally, we ran a simulation with long accretionary prism and without dynamic weakening. The resulting slip, shown as the red line in Fig. 8 , is even smaller close to the trench (by almost 40%). This might be an extreme scenario, but considering the sensitivity of slip to these aspects of the model can guide the development of characterized source models for subduction zones with different scales of accretionary prism, such as the Chile subduction zone and the Nankai Trough.
Conclusion
We have developed a dynamic rupture model based on a ''characterized source model'' of the 2011 Tohoku earthquake, constrained by the results of previous studies and observations. The model reproduces the basic depth-dependent features of slip distribution and short-period radiation of the Tohoku earthquake. Our simulation results indicate that the large slip observed on the shallow part of the fault arises from the combination of rupture of a shallow asperity with higher stress drop than its surroundings and dynamic weakening processes in the area close to the trench (low dynamic friction coefficient as arising from, e.g., thermal pressurization). We also find that the width of the near trench area related to the accretionary prism and the presence of dynamic weakening in this area have a significant influence on the final slip distribution.
Even though our characterized source model is a schematic, qualitative representation of the earthquake source properties, we have shown that dynamic rupture simulations based on this simplified model reproduce the basic features of the rupture process. The results of this study suggest that dynamic rupture modeling based on the characterized source model can provide useful insights for the hazard estimation associated with future mega-thrust earthquakes. The approach integrates results of GPS data analysis, subsurface structure investigations and experimental studies by deep-hole drilling projects such as JFAST. Further developments, such as incorporating non-planar fault geometry and heterogeneous medium, will be considered as next steps to validate the approach by quantitative comparison between predicted and recorded ground motions.
